Abstract Unpalatable plants can protect palatable neighbor plants from grazing pressure, but morphological evolution of a palatable species might change its interactions with unpalatable plants. We predicted that when a palatable species has locally adapted to grazing by expressing a dwarf phenotype that reduces grazer accessibility, the dwarf plants experience relatively more competitive effects than facilitative effects from large, well-defended, unpalatable species. We used a transplant experiment, in which both dwarf and large ecotypes of a palatable annual species, Persicaria longiseta, were transplanted outside and inside the canopy of an unpalatable nettle, Urtica thunbergiana, in a long-term deer grazing habitat of Nara Park, Japan. The dwarf ecotype of Persicaria has adapted to the grazing environments of the park by exhibiting inherently short shoots and small leaves, whereas the large ecotype is found in habitats with no grazing history. A previous common-garden study suggested that the phenotypic differences were genetically based and that phenotypic plasticity contributed little to the morphological difference. The large-phenotype of Persicaria experienced significantly increased morphological size, survival, and reproductive output under the Urtica canopy compared to outside the canopy, whereas these traits of the dwarf phenotype were reduced under the Urtica canopy compared to outside. These results indicate that the net effects of Urtica on Persicaria were positive for the large ecotype and negative for the dwarf ecotype. Thus, the morphological adaptation of a palatable species to avoid grazing altered its interactions with a large, well-defended neighbor.
Introduction
Facilitative interactions between plant species play an important role in determining the spatial distributions of species, community structures, and ecosystem functioning (Callaway 1997; Eccles et al. 1999; Callaway et al. 2000; Tirado and Pugnaire 2003; Callaway et al. 2005; Manier and Hobbs 2006; Osem et al. 2007) , and are effective in conserving the biodiversity of plant communities (Callaway et al. 2000; Bossuyt et al. 2005; Callaway et al. 2005) . Facilitation can also act as an evolutionary force, such as in the convergence of species' niches (reviewed in Brooker et al. 2008) . However, few studies have examined the evolutionary aspects of facilitation (Bronstein 2009; Michalet et al. 2011) . For example, whether facilitative interactions are maintained or break down over a long-term evolutionary period has been little explored.
The stress gradient hypothesis predicts that increased environmental severity increases facilitative (positive) interactions (Brooker et al. 2006; Graff et al. 2007; Smit et al. 2007; Alberti et al. 2008) . On the other hand, stressful environments likely favor genotypes and species with stress-tolerant life history traits. Therefore, when plants evolve stress-tolerant traits in stressful habitats, plant-plant interactions in these habitats appear to mainly occur between stress-tolerant plants. Liancourt et al. (2005) and Maestre et al. (2009) suggested that the effect of neighbors can become negative when both interacting species have similar ''stress-tolerant'' life histories.
It is well recognized that unpalatable species exert facilitative effects on their palatable neighbors by protecting them from grazers in grazed communities (Oesterheld and Oyarzabal 2004; Russell and Fowler 2004; Bossuyt et al. 2005) . Meanwhile, a long evolutionary history of grazing often selects for small plant phenotypes (Detling and Painter 1983; McKinney and Fowler 1991; McNaughton 1984; Polley and Detling 1988; Fahnestock and Detling 2000; Kotanen and Bergelson 2000; Ishikawa et al. 2006; Suzuki 2008; Suzuki et al. 2009 ). While the small plants experience reduced grazing damage, they tend to have reduced competitive abilities (Briske and Anderson 1992; Hartvigsen and McNaughton 1995; Osem et al. 2004; McGuire and Agrawal 2005) . Therefore, when both an unpalatable species and a palatable species are adapted to grazing in different ways, competitive rather than positive, facilitative interactions between them may be increased (Baraza et al. 2006; Callaway et al. 2005; Suzuki and Suzuki 2011a; Vandenberghe et al. 2009 ). Our previous study demonstrated that a palatable species adapted to grazing by expressing a dwarf phenotype experienced little effects of facilitation by a large unpalatable species (Suzuki and Suzuki 2011a, b) . Therefore, we predict that the net effects of unpalatable plants on palatable plants shift from positive to negative when the phenotypes of palatable plants evolve from large morphology to small morphology. Plants that have evolved small phenotypes can survive alone in grazed habitats, but experience competition rather than facilitation from large unpalatable species.
To test this hypothesis, we conducted a transplant experiment in which both dwarf and large phenotypes of a palatable annual species, Persicaria longiseta, were transplanted outside and inside the canopy of an unpalatable nettle, Urtica thunbergiana, in a longterm deer grazing habitat of Nara Park, Japan. The population of P. longiseta in Nara Park exhibits an inherently dwarf morphology with shorter shoots and smaller leaves as a consequence of a local adaptation to grazing (Suzuki 2008) . Conversely, populations of Persicaria with no history of grazing exhibit inherently large growth forms (Suzuki 2008) . We compared the performances (growth, survival, and reproduction) of transplanted individuals between dwarf and largephenotypes of Persicaria outside and inside the Urtica canopy during a growing season. We predicted that under the Urtica canopy, the dwarf phenotype of Persicaria would experience relatively more competitive effects from Urtica while the large phenotype would experience facilitative effects.
Materials and methods

Study species
We examined the interactions between a palatable species, Persicaria longiseta (De Bruyn) Kitag., and an unpalatable species, Urtica thunbergiana Siebold et Zucc. Persicaria longiseta is an annual herb that is distributed widely throughout East Asia and is common to roadsides, farms, edges of rice fields, and gardens in Japan. Seed germination occurs primarily from the end of March to April. Flowering is initiated in July. Reproductive plants produce a large number of small seeds (ca. 1.5 mg per seed) but do not regenerate vegetatively. Fruit maturation and seed dispersal occur from July to December, and seeds are dispersed by gravity as soon as they mature. After reproduction, the plant dies by mid December.
The nettle, Urtica thunbergiana is a perennial herb distributed within forest understories throughout central and southern Japan. This species possesses stinging hairs containing toxins on its stems and both surfaces of leaves; thus, they are unpalatable to deer because of these physical and chemical defenses (Kato et al. 2008) . During a growing season, plants develop numerous shoots proximal to the base. Most aboveground parts wither during the winter season (December-March).
Seed collection
To cultivate plants for our transplant experiment, seeds of Persicaria were collected from two sites in Nara City: Nara Park and Heijo Ruins (hereafter referred to as the Nara and Heijo sites, respectively). The current grazing regimes and grazing histories of the two sites were strikingly different; the Heijo site has no history of grazing, while the Nara site has both a long history of deer grazing and is currently grazed.
The Nara and Heijo sites are located at the eastern edge of Nara Prefecture, western Japan. The annual mean precipitation is 1333 mm, and the monthly mean temperatures range from 3.8°C in January to 26.6°C in August in this region (for the years 1971-2000; Japan Meteorological Agency 2011). Sika deer (Cervus nippon Temminck) populations have been distributed in the park at the Nara site (34°41 0 N, 135°50 0 E) for more than 1,200 years, as they are protected for religious reasons. Nara park is 660 ha in area and includes open grasslands and evergreen forests. Individuals of P. longiseta are often scattered in grasslands and in the sparse understory of the tree stands in the park. Our common-garden experiment revealed that the population of Persicaria at the Nara site is an ecotype adapted to grazed environments and exhibits an inherently dwarf morphology with shorter shoots and smaller leaves compared to populations at the Heijo site, which has no grazing history (Suzuki 2008) . Under cultivated conditions, the leaf and shoot lengths of the Nara population were 0.6 and 0.4 times smaller, respectively, than those of the Heijo population (Suzuki 2008 ). The population of U. thunbergiana in Nara Park has also evolved a much higher density of stinging hairs compared to those found in ungrazed areas (Kato et al. 2008) .
The Heijo site (34°41 0 N, 135°47 0 E) is 120 ha in area and located 4 km west of the Nara site. No current or historical grazing by large herbivores has been observed at the site. P. longiseta individuals at the Heijo site are often distributed in irrigation ditches.
To cultivate Persicaria plants from seeds, in November and December 2007, seeds were collected from 25 randomly selected reproductive Persicaria plants at each site within an area of 100-m radius.
Reproductive plants were selected at least 1 m apart to insure that they were different individuals. Collected seeds of each reproductive plant were separately stored at room temperature before the transplant experiment.
Transplant experiment
Our transplant experiment was carried out with 100 Persicaria plants in Nara Park. Prior to transplanting, plants were cultivated from seeds at a common garden at the Nara University of Education in Nara City (34°40 0 N, 135°50 0 E). Four seeds per mother plant were incubated at 4°C under humid conditions for 12 days from 7 April 2008. After the moist chilling treatment, seeds were sown in Jiffy pots (5 9 5 cm, 5 cm deep) filled with vermiculite, which were placed within the common garden. Seedlings were fertilized with 2,000 times dilution of Hyponex solution (6-10-5 NPK, HYPONeX JAPAN Corp., Ltd, Osaka, Japan) once a week. We selected two seedlings of similar size per mother plant for the transplant experiment.
The study area was established in a shady-moist environment in the understory of sparsely planted Japanese cedars, Cryptomeria japonica, within a longterm deer-grazed habitat in Nara Park. The densities of Urtica and Persicaria were high in the study area. Our previous studies revealed that Persicaria individuals naturally establish outside and inside the Urtica canopy in the study area, but Persicaria experience little benefit from facilitation by Urtica (Suzuki and Suzuki 2011a, b) . We randomly selected 25 Urtica individuals within the study area. These individuals averaged 20-34 cm in height and 32-61 cm in diameter during the study period. On 26 May 2008, 5 weeks after the seeds were sown, Persicaria individuals from the Nara and Heijo populations were transplanted with Jiffy pots to positions inside and outside the canopy of each Urtica (two populations 9 two positions 9 25 replicates; total N = 100). We assumed that the Jiffy pots had negligible effects on root growth of transplanted individuals and belowground competition between Persicaria and Urtica individuals because the Jiffy pots biodegraded shortly after the transplantation and plant roots had already begun to penetrate the pots before transplanting in the field. Hereafter, we refer to a set of four Persicaria individuals around a Urtica plant as a ''block'' so that it can be included as a random effect in the statistical analyses. Plants transplanted outside of the Urtica canopy were placed 50 cm from the canopy edge. Although these experimental positions inside and outside of the Urtica canopy were artificial, similar spatial relationships between Persicaria and Urtica were regularly observed under natural conditions (Suzuki and Suzuki 2011a, b) . After transplanting, survival, plant height, number of leaves, and number of shoots were monitored for all plants at 27-35 day intervals during the growing season. We measured the maximum length and the perpendicular axis (D 1 and D 2 , respectively) of the area covered by aboveground parts of each plant at each census. As a measure of plant size, we calculated the relative area covered by each plant (D 1 9 D 2 ). The number of flowers produced by each transplanted plant was counted in October. We also estimated the lifetime fitness of each plant as the number of flowers produced by the plant multiplied by the survival rate of plants in the treatment to which the plant belonged.
Analysis
Data analysis was conducted using R (ver. 2.12.2.; R Development Core Team 2011). We examined the effects of population, distance from Urtica, and their interaction on survival, plant morphological traits, and reproductive outputs of Persicaria individuals. Plant survival during the experimental periods was analyzed using the Cox proportional hazards regression model containing a random effect (block) by the coxme function from the kinship library in R. The number of flowers in October and lifetime fitness were analyzed using a generalized linear mixed-effects model (GLMM) containing a random effect (block) (the lmer function from the lme4 library in R). The number of flowers was analyzed with a Poisson error distribution, and lifetime fitness was analyzed with a normal error distribution after log-transformation. We also analyzed repeated measures of plant morphological traits using GLMMs (the lmer function in R). Height and plant size were analyzed with a normal error distribution after log-transformation, and the number of leaves and number of shoots were analyzed with a Poisson error distribution. All models included population, distance (inside or outside the Urtica canopy), and their interaction as fixed effects and block as a random effect. The GLMMs of morphological traits also included the date of measurement and individual identities as random effects. All GLMMs were conducted using restricted maximum likelihood estimation. P values for all GLMMs were calculated using the pvals.fnc function from the language R library in R. Back-transformed means and standard errors of the analyses are presented throughout.
Results
We found interactive effects of population and distance from Urtica individuals on the performance of Persicaria individuals. Throughout all experimental periods except October, the number of surviving individuals from the Nara population exhibiting the dwarf phenotype was lower inside the Urtica canopy than outside of it, whereas that of the Heijo population with the large phenotype was higher inside the Urtica canopy (Fig. 1) . In October, survival of individuals from the Heijo population did not differ with Urtica distance. The interaction between population and distance from Urtica was significant (Table 1) .
Plant height of Persicaria individuals tended to be lower inside the Urtica canopy for the Nara population, whereas that of the Heijo population tended to be higher inside the Urtica canopy than outside of it for (Fig. 2a) . However, the interaction effect between population and distance from Urtica was marginally insignificant, and only the population effect was significant (Table 2) . Persicaria individuals of both populations located inside the Urtica canopy tended to have fewer leaves than those located outside the canopy in most periods (Fig. 2b ).
The population effect and the interaction effect between population and distance from Urtica were statistically significant ( Table 2 ). The number of shoots showed similar trends to the number of leaves (Fig. 2c) . Persicaria individuals located inside the Urtica canopy had fewer shoots than individuals located outside the canopy irrespective of population. The effects of population and distance on the number of shoots were significant (Table 2) . Persicaria individuals from the Nara population had smaller plant sizes inside than outside the Urtica canopy throughout all experimental periods. Individuals from the Heijo population were smaller inside the Urtica canopy than outside of it in June and September, but plant sizes were larger inside of the canopy in July, August, and October (Fig. 2d) . The population effect was only significant on plant size, whereas the distance effect and the interaction effect were insignificant on plant size ( Table 2) . Individuals of the Nara population produced fewer flowers inside of the Urtica canopy than outside of it, whereas individuals of the Heijo population produced more flowers inside the Urtica canopy (Fig. 3a) . The interaction effect between population and distance was significant (Table 3) . Lifetime fitness also showed a similar trend to the number of flowers (Fig. 3b) . The population effect, the distance effect, and the interaction effect of population and distance from Urtica on lifetime fitness were significant (Table 3) . 
Discussion
The main finding of this study is that unpalatable large Urtica plants had negative effects on the grazingadapted, dwarf-phenotype of Persicaria, whereas Urtica had positive effects on the grazing-sensitive, large-phenotype of Persicaria. Urtica positively affected the survival, height, plant size, and reproductive output of individuals from the Heijo population, but had a negative effect on individuals from the Nara population throughout the growing season. The Nara populations of Persicaria have locally adapted to grazing by expressing a dwarf phenotype that reduces grazer accessibility. However, the dwarf phenotype is likely competitively inferior to its larger counterparts (Briske and Anderson 1992; Hartvigsen and McNaughton 1995; Osem et al. 2004; McGuire and Agrawal 2005) . The opposite effects of Urtica on the two ecotypes of Persicaria suggest that morphological evolution from the large to the dwarf-phenotype of Persicaria might have altered the interactions between Persicaria and Urtica from facilitation to competition in a grazed habitat. Facilitative effects are often demonstrated in habitats with recent grazing histories (Oesterheld and Oyarzabal 2004; Bossuyt et al. 2005; Graff et al. 2007) and when unpalatable plants are recent invaders (Callaway et al. 2000 . In habitats with a short history of grazing, most established plant species or genotypes have not evolved the ability to tolerate, resist, or avoid grazing and are thus very palatable. Therefore, protective effects by unpalatable plants are The lifetime fitness of each plant that was estimated as the number of flowers produced by the plant multiplied by the survival rate of plants in the treatment to which the plant belonged
The bold values indicate statistical significant likely to greatly facilitate the performance of grazingsensitive neighbor plants. In contrast, long grazing histories select for plant species or genotypes that can survive and reproduce under grazing pressures, and consequently the differences in grazing vulnerability among plant species may be reduced. Rebollo et al. (2002) also suggested that in grasslands with a long evolutionary history of grazing, palatable species can independently tolerate or avoid grazing, rather than depending on the protective effects of unpalatable species. Our previous study examined the relative importance of positive and negative effects of Urtica on the dwarf-phenotype of Persicaria using exclosures and experimental removal of Urtica, and revealed that facilitative effects of Urtica were limited under natural conditions in Nara Park (Suzuki and Suzuki 2011a) . Recently, we more rigorously analyzed the effects of Urtica considering distances between Urtica and Persicaria individuals, and revealed that the relative importance of positive and negative effects of Urtica on Persicaria varies temporally and spatially around a single Urtica plant (Suzuki and Suzuki 2011b) . From the results of these previous studies and the present research, we conclude that the effects of Urtica on the dwarf-phenotype of Persicaria vary from facilitative to competitive under natural conditions, but the facilitative effects of Urtica on the dwarf-phenotype of Persicaria are generally limited.
Interactions among plants can lead to co-evolution and evolution of plant traits (reviewed in Thorpe et al. 2011) . The evolutionary origins and maintenance of facilitation, however, have yet to be explored. Brooker et al. (2008) suggested that an evolutionary focus is absent from almost all recent work in the field of facilitation. Bronstein (2009) pointed out that the lack of evolutionary knowledge on facilitation is likely due to such topics having only recently been explored, and stressed that further understanding of the evolutionary origins and maintenance of facilitation must await studies that take an explicitly reciprocal approach that focuses on both the traits of facilitators and facilitated or beneficiary species and the genetic basis of their traits. Facilitation has the potential to promote the adaptation of beneficiary species to their facilitative neighbors (Ehlers and Thompson 2004; Thorpe et al. 2011) . However, facilitative traits may have costs for facilitators by helping their competitors. Michalet et al. (2011) found genetically based variation in facilitation of Geum rossii, and revealed that the facilitative phenotype suffered more competitive pressure from beneficiary species than the less facilitative phenotype. On the other hand, the results of the present study suggest that adaptation of palatable species (i.e., beneficiary species) to long-term grazing by developing ''self-defensive'' traits can lead to the dissolution of facilitative interactions between facilitators and beneficiary species. Together with the findings of these previous studies, the results of the present study suggest that facilitative interactions between species are not maintained during a long evolutionary period when phenotypic evolution of the facilitator and beneficiary species occurs.
Our results suggest that the values of each morphological trait tended to increase consistently from May to September, but decreased at the last census in October (Fig. 2) . The reduced sizes in October may have been due to larger individuals being more likely to be grazed by deer than smaller plants at this time. Indeed, two individuals of the Heijo population had grown up over the nettle canopy in September, but they died in October due to deer grazing. Another possibility is that Persicaria plants had already begun to wither by October, which is the end of their growing season. Despite the seasonal variation in our results, we were able to identify the net effects of Urtica on two phenotypes of Persicaria by applying generalized linear mixed-effects models, which can include seasonal variation as a random factor. We also found increased numbers of leaves and shoots in plants located outside the Urtica canopy, which were likely a result of increased branching due to the release from apical dominance after suffering grazing damage. Our previous cultivation experiment using dwarf-and large-phenotypes of Persicaria also demonstrated that the number of leaves and shoots was increased for artificially clipped individuals compared to intact individuals irrespective of plant phenotype, and the degree of plasticity in response to clipping was similar among populations (Suzuki 2008) .
In conclusion, we demonstrated that the morphological differences of palatable plants shift the interactions between large unpalatable plants and the palatable plants from facilitative to competitive in a grazed community. Although previous studies have demonstrated that facilitative interactions play an important role in maintaining the biodiversity of plant communities, such conservation effects of facilitation may be weakened in plant communities with a long history of grazing.
